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Cellular/Molecular
Rab11 and Its Effector Rab Coupling Protein Contribute to
the Trafficking of 1 Integrins during Axon Growth in Adult
Dorsal Root Ganglion Neurons and PC12 Cells
Richard Eva,1 Elisa Dassie,1 Patrick T. Caswell,2 Gunnar Dick,1 Charles ffrench-Constant,3 Jim C. Norman,2
and JamesW. Fawcett1
1Cambridge Centre for Brain Repair, Department of Clinical Neurosciences, University of Cambridge, Cambridge CB2 2PY, United Kingdom, 2Beatson
Institute for Cancer Research, Bearsden, Glasgow G61 1BD, United Kingdom, and 3Medical Research Council Centre for Regenerative Medicine, Centre for
Multiple Sclerosis Research, University of Edinburgh, Queen’s Medical Research Institute, Edinburgh EH16 4TJ, United Kingdom
Integrins play an important part in axon growth, but integrin traffic in neurons is poorly understood. Expression of the tenascin-C-
binding integrin9 promotes axon regeneration.We have therefore studied themechanism by which9 integrin and its partner1 are
trafficked along axons and at the growth cone using adult DRG neurons and PC12 cells.We have focused on the small GTPase Rab11 and
its effector Rab coupling protein (RCP), as they are involved in the long-range trafficking of1 integrins in other cells. Rab11 colocalizes
with 9 and other  integrins and with 1 integrin in growth cones and axons, and immunopurified Rab11 vesicles contain 9 and 1.
Endocytosed 1 integrins traffic via Rab11. However, Rab11 vesicles in axons are generally static, and 9 integrins undergo bouts of
movementduringwhich they leave theRab11compartment. Ingrowthcones,9and1overlapwithRCP,particularly at thegrowthcone
periphery. We show that 1 integrin trafficking during neurite outgrowth involves Rab11 and RCP, and that manipulation of these
molecules alters surface integrin levels and axon growth, and can be used to enhance 9 integrin-dependent neurite outgrowth.
Our data suggest that manipulation of trafficking via Rab11 and RCP could be a useful strategy for promoting integrin-dependent
axonal regeneration.
Introduction
Integrins are a large family of transmembrane heterodimeric re-
ceptors for extracellularmatrix proteins. They consist of an and
a  subunit that mediate numerous cellular functions including
adhesion, proliferation, migration, synaptic plasticity, neurite
outgrowth, and peripheral nerve regeneration (Pozzi et al., 1998;
Werner et al., 2000; Brakebusch and Fa¨ssler, 2005; Gardiner et al.,
2005, 2007; Webb et al., 2007; Cingolani et al., 2008; Plantman et
al., 2008; Moser et al., 2009). We recently expressed the tenascin-
binding integrin 9 in sensory neurons with the intention of
promoting regeneration of their axons in the damaged spinal
cord (Andrews et al., 2009). 9 expression stimulated profuse
axon growth on tenascin and various inhibitory molecules in
vitro, but regeneration in the spinal cord was modest. The differ-
ence between growth in vitro and in vivo could have been because
of the many inhibitory molecules in the damaged CNS, but some
of these can be overcome in vitro by integrin activation (Hu and
Strittmatter, 2008), andwe have recently found that9 integrin is
not transported efficiently into CNS axons (M. R. Andrews, E.
Franssen, E. R. Heintz, and J. W. Fawcett, unpublished observa-
tions).We therefore hypothesized that integrin activation and/or
transport may be defective in the damaged CNS. Currently, there
is limited information about themechanism of neuronal integrin
traffic; however, in non-neuronal cells, it is evident that a key
pathway of integrin trafficking is regulated by the small GTPase
Rab11 (Powelka et al., 2004; Fabbri et al., 2005; Skalski and Cop-
polino, 2005; Yoon et al., 2005; Pellinen and Ivaska, 2006; Caswell
et al., 2008). Rab11 is a regulator of membrane protein transport
from recycling endosomes to the plasma membrane (Ullrich et
al., 1996; So¨nnichsen et al., 2000). A number of studies have
identified a role for Rab11 in the transport of other surface mol-
ecules in neurons, where it regulates the traffic of AMPA recep-
tors in dendrites during long-termpotentiation (Park et al., 2004;
Lise´ et al., 2006; Brown et al., 2007; Choe et al., 2007; Correia et
al., 2008; Wang et al., 2008), and axonal trafficking of Trk recep-
tors (Ascan˜o et al., 2009), adding to the evidence that recycling
endosomes contribute to the trafficking of membrane proteins
into axons (Kamiguchi, 2003;Winckler, 2004; Allen and Chilton,
2009).
We set out to investigate whether Rab11 contributes to the
axon/growth cone trafficking of integrins during neurite out-
growth, focusing on9 integrin and its binding partner1, using
PNS neurons that express several integrins (Gardiner et al., 2005,
2007). We provide evidence that 9 and 1 integrins traffic
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through a Rab11 domain in adult dorsal root ganglion (DRG)
neurons and differentiated PC12 cells and that endocytosed inte-
grins are anterogradely transported. We also describe a role for
the Rab11 effector Rab coupling protein (RCP) and show that its
overexpression increases 1 integrin expression at the surface of
DRG growth cones and differentiated PC12 cells. Furthermore,
we show that 9 integrin-dependent neurite outgrowth can be
enhanced in vitro by overexpression of either Rab11 or RCP.
Materials andMethods
DNA constructs
Integrin 9 enhanced green fluorescent protein (EGFP)-N3 was ob-
tained from Addgene, deposited by Dean Sheppard (University of Cali-
fornia, San Francisco, San Francisco, CA). Integrin 5 EGFP-N3 was
originally a gift from Donna Web in the laboratory of Rick Horwitz
(University of Virginia, Charlottesville, VA) and has been previously
described (Laukaitis et al., 2001). cDNA encoding human Rab11a was
amplified by PCR introducing HindIII and BamHI restriction sites, and
cloned into EGFP-C2. EGFP was excised from this vector and replaced
with the mCherry cDNA (with AgeI and XhoI sites introduced by PCR).
RCP constructs were originally from the laboratory of Mary McCaffrey
(University College Cork, Cork, Ireland). pEGFP-C3 RCP has been pre-
viously described (Damiani et al., 2004), as has pEGFP-C3 RCP I621E
(Lindsay and McCaffrey, 2004).
Immunofluorescence reagents and antibodies for Western blotting
Antibodies against Rab11 were obtained from Zymed (Invitrogen) and
used at 1:50. Untagged human 9 integrin was detected with anti-91
clone Y9A2 (Abcam) at 1:200 (for live labeling, or after methanol fixa-
tion). Directly conjugated Alexa Fluor 488 or 647 anti-mouse/rat CD29
(integrin1) antibody (cloneHM1-1) was used to detect1 integrin at
a concentration of 1:100. Anti--tubulin class III (TUJ1) (Sigma-
Aldrich) was used at 1:400. Anti-3 integrin (clone Ralph 3.2) was ob-
tained from Santa Cruz Biotechnology and used at 1:500. Secondary
antibodies were Alexa conjugates from Invitrogen used at 1:800. 1
integrin was detected on Western blots using the antibody AB1952
(Millipore), and -actin was detected using the antibody AC-15 (Ab-
cam). ARF6 was detected withmonoclonal anti-ARF6 (ARFAG clone)
(Abcam), Rab5 with polyclonal anti-Rab5 (Abcam), calnexin with
anti-calnexin clone H-70 (Santa Cruz), KDEL with anti-KDEL clone
10C3 (Abcam), and GM130 with polyclonal anti-GM130 (BD Bio-
sciences Transduction Laboratories). Purified rabbit IgG was from
Sigma-Aldrich.
Secondary antibodies were HRP conjugates from GE Healthcare.
9 integrin was detected on Western blots using a chicken polyclonal
integrin 9 antibody (Abcam) and HRP-conjugated anti-chicken
(Millipore).
PC12 cell culture
Low passage number PC12 cells were acquired from the European Col-
lection of Cell Cultures (ECACC) and routinely grown in RPMI 1640
media (Sigma-Aldrich) supplemented with 10% batch-tested French
FBS (Biosera), 1% penicillin/streptomycin, and 2 mM L-glutamine on
flasks coated with type IV collagen (Sigma-Aldrich), according to
ECACC guidelines.
Generation of stable PC12 cell lines expressing green fluorescent
protein-tagged constructs
PC12 cells were transfectedwith plasmidDNAusing Lipofectamine 2000
(Invitrogen) on 90 mm Petri dishes and grown in the usual media plus
400 g/ml neomycin (G418; Invitrogen). Both clonal and nonclonal
lines were generated. To generate clonal lines, cultures wells were left in
selective media until isolated colonies were visible. These were screened
for green fluorescent protein (GFP) expression and isolated using sterile
glass cloning rings and expanded in selective culture media. Nonclonal
lines were generated by growing mixed cultures from colonies not se-
lected for isolation. Observations of stable cell lines were made using
several clonal lines and mixed nonclonal cultures to ensure against arti-
facts of clonal expression. Individual clonal lines were then selected for
repeated experiments.
Generation of a stable PC12 cell line expressing untagged
9 integrin
PC12 cells were transduced with retroviral 9 integrin in the presence of
polybrene (4 g/ml) and performed overnight at 37°C. The following
day, the virus was removed and cells were grown in the usual media plus
400 g/ml neomycin. Cells were maintained in selective media. Retrovi-
rus was generated as previously described (Andrews et al., 2009).
PC12 cell differentiation
PC12 cells were primed at low density in the usual culture media supple-
mented with 50 ng/ml NGF (Sigma-Aldrich) for 10 d, and stored at
80°C or used immediately. Primed PC12 cells were differentiated in the
usual media supplemented with 50 ng/ml NGF (Sigma-Aldrich) and
analyzed after 2 d. Cells were therefore analyzed a total of 12 d after
treatment with NGF. Cells expressing 9 integrin were routinely grown
on collagen, as we have previously shown that PC12 cells produce the
91 integrin ligand tenascin-C (Andrews et al., 2009).
Analysis of PC12 cell neurite length
Neurite outgrowth analysis of primed PC12 cells was performed 2 d after
plating in differentiation media (a total of 12 d in the presence of NGF).
Cultures were fixedwith 3%paraformaldehyde (PFA), and either labeled
for neuronal tubulin (TUJ1) or Alexa-conjugated anti-1 integrin, and
analyzed for quantification of neurite length. Neurite outgrowth was
analyzed by fluorescent microscopy using a Leica DM6000 microscope
and Leica LASAF software tomeasure the length of neurites inmicrome-
ters. The longest neurites of 50 cells were measured per coverslip. Three
coverslips were analyzed per experiment, and three experiments were
performed. GraphPad Prism, version 3.02, was used for statistical analy-
sis of data.
Percentage of cells with neurites
Cells were differentiated, fixed, and labeled as described above, and
viewed with a Leica DM6000 microscope. Cells with processes longer
than two cell body widths were counted as bearing neurites. Three cov-
erslips were analyzed per experiment, and three experiments were per-
formed. GraphPad Prism, version 3.02, was used for statistical analysis of
data.
Determination of Rab11/RCP effects on 9 integrin-dependent
growth cone morphology and neurite outgrowth
For growth cone analysis, PC12 cells stably expressing 9 integrin were
differentiated as described above. For neurite outgrowth analysis, wild-
type PC12 cells and PC12 cells stably expressing 9 integrin were used.
After 10 d in the presence of NGF, cells were trypsinized and electropo-
ratedwith either Rab11 orRCPDNAconstructs or short interferingRNA
(siRNA) using the DigitalBio Mircroporator. Control cells were mock
transfected for neurite outgrowth or transfected with GFP to enable
growth cone analysis. Cells were then plated onto 24-well culture plates
coated with 5 g/ml tenascin (Millipore) and grown for 2 d in the usual
differentiation media but without antibiotics. All cells were additionally
cultured in the presence of the91 blocking antibody Y9A2 (Abcam) at
1:300, a concentration we previously determined as generating a partial
block of function. Cells were then fixed and visualized in situ either by
phase contrast microscopy or by virtue of GFP signal or Cy3 tag (for
siRNA). Growth cone size was measured using Leica LAS AF software.
Twenty growth cones were analyzed per condition, and three experi-
ments were performed. The longest neurite of 50 cells was measured per
condition using Leica LAS AF software, and three experiments were per-
formed. Images were acquired using a Leica AF7000 microscope with a
Hamamatsu EMCCDC9100 camera, using 40 air objective for growth
cone analysis.
Adult rat DRG cultures
Explants. Adult male Sprague Dawley rats were killed, and DRGs were
removed and plated onto 1 g/ml laminin, on poly-D-lysine-coated,
acid-washed coverslips. Explants were grown for 72 h at 37°C in DMEM
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supplemented with 10% FCS (Invitrogen), 1% penicillin/streptomycin,
and 30 ng/ml NGF.
Dissociated DRGs. Adult male Sprague Dawley rats were killed, and
DRGs were removed. DRGs were incubated with 0.1% collagenase in
DMEM for 90 min at 37°C, followed by 10 min in trypsin at 37°C. DRGs
were dissociated by trituration in a blunted glass pipette. Dissociated cells
were then centrifuged through a layer of 15% BSA, washed in DMEM,
and cultured on 1 g/ml laminin, on poly-D-lysine-coated, acid-washed
coverslips, in the same media as for DRG explants.
Antibody uptake experiments
Antibody uptake experiments were performed on primed and differen-
tiated PC12 cells 48 h after differentiation and on adult DRG explant
cultures 72 h after plating. Cultures were labeled on ice for 30 min with
the Alexa 488-conjugated 1 integrin antibody described above, at a
concentration of 1:100 diluted in L15 media (Invitrogen) supplemented
with 3%BSA. Cultures were thenwashed three times with PBS to remove
unbound antibody and returned to 37°C in the usual culturemedia for 15
min to allow for internalization. Surface-bound antibody was then re-
moved with an acid wash (0.5 M NaCl and 0.2 M acetic acid) for 4 min,
followed by washing three times with PBS. Cultures were then returned
to 37°C and fixed with 3% PFA after various time points. Cells were then
colabeled for Rab11, and images of growth cones were acquired by con-
focal microscopy.
Colocalization of internalized integrins with Rab11 was quantified
using NIH ImageJ software and JACoP (Bolte and Cordelie`res, 2006) to
analyze the colocalization correlation coefficient.
Antibody uptake using compartmented DRG cultures
Separation ofDRG axon and cell body compartments was achieved using
Campenot chambers (Tyler Research). Cultures were set up following an
established protocol (Pazyra-Murphy and Segal, 2008), modified to in-
crease growth into the axonal compartment, and using permanox cham-
ber slides (Nalge Nunc International). Further to the reported method,
10 g/ml laminin was added to the methyl cellulose bridge. After 24 h at
37°C to test for leakage, watertight chambers were coated with 1 g/ml
laminin in the somatic compartment, and 10g/ml laminin in the axonal
compartment for 3 h at 37°C. Dissociated cells were then plated in the
usual DRG culture media (see above) but with 10 ng/ml NGF in the
somatic compartment and 100 ng/ml in the axonal compartment. Anti-
body uptake experiments were performed after 6 d in culture. The so-
matic compartment was labeled live with the 1 integrin antibody
described above conjugated to Alexa 488 at a concentration of 1:100, at
37°C for 2 h. Cells were then fixed with 3%PFAwith the dividers in place
and subsequently labeled with the same antibody on the somatic com-
partment, but conjugated to Alexa 647. The dividers were then removed
for coverslipping. Fluorescent microscopy was performed using a Leica
DM6000Bmicroscope. Images of the axonal and somatic compartments
were acquired using identical settings as stored using Leica LAS AF soft-
ware. A minimum of five chambers were used per experiment, and ex-
periments were performed in triplicate.
Transfection of dissociated adult DRG neurons
DRG neurons were removed and dissociated as described above. Cells
were transfected with plasmid DNA encoding GFP-tagged constructs or
GFP alone as a control. Transfection was achieved using a Microporator
(Digital Bio), which electroporates within a micropipette tip and avoids
the adverse effects associated with standard electroporation devices. Ap-
proximately 1 105 cells were transfected per reaction, in a volume of 10
l. A total of 6  105 cells was used per experiment. Transfected cells
were plated and culture as described above, but without antibiotics.
Analysis of DRG neurite outgrowth from transfected cells
Cells were dissociated, transfected, and plated as described above, and
fixed after 48 h in culture. Transfected cells were identified by their GFP
signal, viewed with a Leica DM6000 microscope, and Leica LAS AF soft-
ware was used to trace and measure the length of neurites in microme-
ters. The longest neurites of all transfected cells were measured for each
experiment. Between 25 and 110 neurons were analyzed per condition
per experiment. On average, 73 neurons were analyzed per condition.
GraphPad Prism, version 3.02, was used for statistical analysis of data.
Analysis of growth cone morphology
Growth cones of adult DRG neurons were analyzed for their size, and for
the number and length of filopodia. DRGs were cultured and fixed as
described above. Cells were labeled for 1 integrin, and images were
acquired using a Leica TCS SPE confocal microscope and Leica LAS AF
software. Stacks of images were acquired through the entire depth of the
growth cone, and maximum projection images were analyzed. The area
of growth cones was delineated and quantified using Leica LAS AF soft-
ware, as adjudged by immunofluorescence of 1 integrin, which labels
the growth cone in its entirety (see supplemental Fig. S1, available at
www.jneurosci.org as supplemental material); filopodia 3 m were
counted. Filopodia were traced and measured in micrometers using
Leica LAS AF software. The largest growth cones of 20 randomly chosen
neuronswere analyzed per experiment, and experimentswere performed
in triplicate.
Quantification of growth cone 1 integrin immunofluorescence
1 integrins were detected by immunofluorescence using the directly
conjugated 1 integrin antibody described above, at a concentration of
1:100. Images of growth cones were acquired by confocal laser-scanning
microscopy using a 63 objective and a Leica TCS SPE confocal micro-
scope. Initial observations were made on three test growth cones per
condition, and detection settings were adjusted so that the pixel intensi-
ties of acquired images were below saturation. Settings were then stored
and were applied for the identical acquisition of each image using Leica
LAS AF software. Four confocal sections were acquired for each image,
spanning the entire depth of each growth cone. Maximum projection
images were then created and used for analysis. Lines were then traced
around the periphery of each growth cone to define the region of interest,
and total pixel intensities per growth cone were quantified using Leica
LAS AF software. The acquired images were corrected for background by
subtracting an identical region of interest adjacent to the growth cone
being analyzed. Twenty growth cones were analyzed per experiment, and
all experiments were performed in triplicate. Quantification of periph-
eral versus central fluorescence was quantified essentially in the same
manner. First, a region of interest was defined around the periphery of
the growth cone, and a second region was defined in the central
domain. The ratio of peripheral versus central enrichment was calcu-
lated as the mean fluorescence intensity at the growth cone periphery
divided by the mean fluorescence intensity in the central domain. A
ratio of 1 represents a uniform distribution, whereas a ratio 1 rep-
resents peripheral enrichment.
Quantification of 1 integrin cell surface expression by
membrane biotinylation
Quantification of cell surface integrins was performed following an ad-
aptation of an established protocol (Milner and ffrench-Constant, 1994),
using the Pierce cell surface protein isolation kit (Pierce Biotechnology).
Briefly, cells were labeled with sulfo-NHS-SS-biotin for 30min, and then
lysed and sonicated in lysis buffer. Biotinylated proteins were isolated
using NeutrAvidin gel on a column. Protein levels in the lysate were
determined using the BCA protein assay (Pierce), and volumes were
adjusted to normalize protein density. An aliquot of the normalized ly-
sate was used forWestern blot assessment of total integrin protein levels.
Biotinylated proteins were then recovered in sample buffer with DTT
and subsequently loaded onto NuPage BisTris gels (Invitrogen) for
Western blot analysis. 1 integrin was detected using the antibody
AB1952 (Millipore), and -actin was detected using the antibody
AC-15 (Abcam). Immunoreactivity was detected using ECL Plus (GE
Healthcare), and densitometry was performed with NIH ImageJ
software.
Subcellular fractionation followed by immunoisolation of
Rab11 endosomes
PC12 cells were differentiated for 12 d at lowdensity in 75 cm2 dishes and
used for detergent-free subcellular fractionation. Cells were homoge-
nized through a 21 gauge needle in detergent-free homogenization buffer
11656 • J. Neurosci., September 1, 2010 • 30(35):11654–11669 Eva et al. • Axon Growth Cone Integrin Trafficking
(250 mM sucrose, 3 mM imidazole, 1 mM EDTA, and protease inhibitors,
pH 7.4), and a postnuclear supernatant (PNS) was generated by standard
techniques (Bomsel et al., 1990). The PNS was adjusted to 40.6% sucrose
in 3 mM imidazole, 1 mM EDTA, pH 7.4. This was then loaded on the
bottom of an ultraclear SW55 TI centrifuge tube (Beckman Coulter) and
overlaid sequentially with 1.5 ml of 35% sucrose, 1 ml of 25% sucrose,
and filled to the top with 1.5 ml of homogenization buffer. This was
centrifuged at 130,000  g for 1.5 h at 4°C using an SW55 TI rotor
(Beckman Coulter). After centrifugation, gradients were collected from
top (fraction 1) to bottom (fraction 8). The interface between the 25 and
35%was isolated as fraction 5. Protein concentration at each fractionwas
determined using BCA protein assay (Pierce). Equal volumes from each
fraction were analyzed byWestern blotting, and loading was analyzed by
Ponceau staining the membranes (supplemental Fig. S2A, available at
www.jneurosci.org as supplemental material). Fractionation was ana-
lyzed using subcellular markers (supplemental Fig. S2B, available at
www.jneurosci.org as supplemental material), and fraction 5 was used as
starting material for immunoisolation using magnetic protein G mi-
crobeads (Miltenyi Biotec) coated with Rab11 antibody (Invitrogen) un-
der detergent-free conditions. Startingmaterial was first precleared using
unlabeled protein G beads, and the elute was used as a negative control
(PC). Precleared material from fraction 5 was also incubated with rabbit
IgG as an additional control. Equal proportions of starting material
(SM), nonbound material (NB), and bound material (B) and precleared
or control material were analyzed by Western blotting.
Microscopy
Three microscopes were used in this study, as has been indicated. Laser-
scanning confocal microscopy was performed using a Leica DMI4000B
microscope, with laser scanning and detection achieved by a Leica TCS
SPE confocal system controlled with Leica LAS AF software. Standard
fluorescent microscopy was performed using a Leica DM6000B with a
Leica DFC350 FX CCD camera and a Leica AF7000 with a Hamamatsu
EM CCD C9100 camera and Leica LAS AF software. Live-cell imaging
was performed with an Olympus IX70 microscope using a Hamamatsu
ORCA-ERCCD camera and a PerkinElmerUltraVIEW scanner for spin-
ning disk confocal microscopy, controlled with MetaMorph software.
Kymographs were generated using MetaMorph software. Instantaneous
velocity was calculated using MetaMorph software to measure the dis-
tance moved by a vesicle between two consecutive frames. Vesicles were
tracked for their visible lifetime, and the maximum distance moved be-
tween two frames was measured and used to calculate instantaneous
speed. The distance covered by vesicles over time was measured as the
maximum net distance a vesicle moved over 10 frames (30 s). Fifty vesi-
cles were analyzed per condition per experiment, over three experiments.
Velocities were binned into 0.2 m/s, and distance was binned into 0.5
m. Images for presentation were processed in their entirety with Leica
and Photoshop (Adobe) software. Images acquired for quantification
were analyzed raw.
RNA interference of Rab11
Suppression of Rab11 expression was performed by RNA interference
using two specific siRNA oligonucleotides purchased fromAmbion (Ap-
plied Biosystems) targeted to rat Rab11a and Rab11b mRNA sequences.
The Rab11a siRNA sequence corresponds to 5-GGGCAGUUCCUACA-
GAUGA-3. Oligonucleotides directed to Rab11b were fluorescently
tagged with a Cy3 label on the antisense strand and correspond to
5-GAAACGAGUUCAACCUAGA-3, of the rat mRNA sequence.
For control experiments, Ambion silencer Cy3-labeled negative con-
trol 1 (Applied Biosystems) was used. Oligonucleotides targeting
Rab11a and Rab11b were cotransfected at equimolar concentrations
into primed PC12 cells using the Digital Bio Microporator (described
above). Transfected PC12 cells were differentiated as described above
and analyzed after 48 h.
Assessment of Rab11 protein suppression after siRNA treatment
Rab11 protein suppression was assessed 48 h after transfection with
siRNA. Cells were lysed in RIPA buffer and protein concentration of
lysate was determined using the BCA protein assay (Pierce). Equal
amounts of lysate were analyzed by Western blot. Blots were probed for
Rab11, then stripped and reprobed for actin, and then stripped and
reprobed for ARF6. A 25 cm2 flask of subconfluent PC12 cells was used
for each condition (mock transfected, control siRNA transfected, and
Rab11 siRNA transfected). Three experiments were performed. Reduc-
tion of Rab11 expression was quantified by densitometry.
Quantification of Rab11 immunofluorescence after
siRNA treatment
Rab11 protein suppression was identified by immunofluorescence anal-
ysis using the Rab11 antibody described above at a concentration of 1:50
and compared with control cells transfected with Cy3-tagged control
siRNA. Primary antibody was detected using secondary Alexa-647 goat
anti-rabbit (Invitrogen) at a concentration of 1:800. Rab11 suppression
at the growth cone was quantified by analysis of images acquired by
confocal microscopy as described above for quantification of 1 integrin
immunofluorescence. Somatic Rab11 immunofluorescence was quanti-
fied using a LeicaDM6000microscope and Leica LASAF software. Initial
observations were made and exposure times were adjusted so that the
pixel intensities were below saturation. Settings were then stored and
were applied for the identical acquisition of each image using Leica LAS
AF software. Immunofluorescence was quantified on 20 soma per con-
dition and all experiments were performed in triplicate.
siRNA target validation
The Rab11a siRNA sequence (5-gggcaguuccuacagauga-3) targets base
pairs 394–413 (agggcagttcctacagatga) of the Rab11 CDS. Primers were
designed to introduce three silent mutations into this region (5-
gtgatttacgtcatctcagggctgtaccaacagatgaagcaagagcatttgcag-3) (bold
shows target sequence of the siRNA), and an siRNA-resistant Rab11-
GFP construct was created by site-directedmutagenesis using the Rab11-
GFP construct described above as a template. Mutagenesis was
confirmed by DNA sequencing. PC12 cells stably expressing siRNA-
resistant Rab11 were then generated as described inMaterials andMeth-
ods. Stable Rab11-GFP PC12 cells and siRNA-resistant cells were then
primed and transfected with siRNA targeting Rab11 and differentiated
for 2 d in the presence of NGF. RAB11-GFP PC12 cells were also trans-
fected with control siRNA. Cells were then assayed for GFP fluorescence,
growth cone1 integrin fluorescence, andneurite length. Twenty growth
cones were analyzed per experiment, and the longest neurite of 50 ran-
domly chosen cells wasmeasured per experiment. Two experiments were
performed.
Results
Our experiments address the mechanism of integrin trafficking
in axons. We ask whether integrins traffic in Rab11 vesicles,
whether the Rab11 effector RCP regulates trafficking, and
whether manipulation of the pathway affects axon growth. We
have focused particularly on 91 integrin because of its ability
to promote axon regeneration in the CNS, and because axon
growth from 9-transfected neurons on tenascin provides an
assay in which one can be certain that growth is integrin medi-
ated. We performed initial assays on differentiated PC12 cells
because stably transfected cells generally express transgenes at
near-normal levels and because it is possible to obtain sufficient
material for biochemical assays.We then validated the PC12 find-
ings in adult DRG axons, finding essentially identical results. We
present data to demonstrate that9 and1 integrins traffic to the
growth cone via Rab11 (Figs. 1–5) and that the Rab11 effector
RCP regulates integrin trafficking to the growth cone surface
(Figs. 6–8). Finally, we examine the effects of manipulating the
Rab11/RCP pathway on neurite outgrowth (Figs. 9–11).
Do integrins colocalize with Rab11 at the growth cone?
If Rab11 is involved in trafficking integrins to the growth cone,
the two molecules ought to colocalize there. 9 is not expressed
by PC12 cells or adult DRGneurons, so we created an9 integrin
construct in which GFP was fused to the C-terminal through an
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amino acid linker to minimize steric ef-
fects. We generated four PC12 lines stably
expressing this construct so as to avoid ar-
tifacts associated with transient overex-
pression. We first checked that the
construct was functional by comparing
the effects on PC12 cells of either stable
9-GFP expression or stable untagged 9
integrin expression (supplemental Fig. S1,
available at www.jneurosci.org as supple-
mental material). The PC12 cells were dif-
ferentiated for 12 d to produce mature
neurites tipped by growth cones. We
found partial overlap between Rab11
staining and 9-GFP fluorescence in
overlapping vesicular structures at the
growth cone (Fig. 1A, top panels, inset
and arrows), butmost obviously through-
out the filopodia (seen above the dotted
lines in Fig. 1A, top panels). We also in-
vestigated the distribution of endogenous
1 integrins in PC12 cells (using a directly
conjugated anti-1-488 antibody) and
again found partial overlap with Rab11 in
filopodia and in vesicular structures (Fig.
1A, bottom panels). This suggests that in-
tegrins and Rab11 may colocalize to the
same structures. Rab11 was also found to
overlap with  and 1 integrins in adult
DRG neurons. Transfected 9-GFP over-
lapped with Rab11 as in PC12 cells (data
not shown), and we also examined the lo-
calization of two endogenous integrins
and found partial overlap of both 1 and
3 with Rab11 at the growth cone periph-
ery and in individual vesicular structures
(Fig. 1B). These data suggest thatmultiple
integrins may colocalize with Rab11 vesi-
cles at the growth cones of peripheral
neurons. To confirm that integrins are
present in Rab11 structures, we per-
formed subcellular fractionation followed
by immunoisolation of Rab11-positive or-
ganelles from 9-GFP transfected PC12
cells. We used detergent-free lysis fol-
lowed by flotation in a sucrose step gradi-
ent designed to enrich for endosomes
(Gorvel et al., 1991) and analyzed the re-
sulting fractions by Western blot. We
found that both Rab11 and integrins
were enriched in fraction 5 (Fig. 1C).
This fraction also labeled strongly for
the early endosome marker Rab5,
whereas markers for the endoplasmic
reticulum and Golgi labeled heavier
membranes in fractions 8 and 7 (supple-
mental Fig. S2B, available at www.
jneurosci.org as supplemental material).
We then used material from fraction 5 for immunoisolation us-
ing magnetic microbeads coated with antibodies to Rab11. Equal
volumes of starting material (SM), nonbound (NB), and bound
(B) material were analyzed by Western blotting, in conjunction
with preclear elute (PC) as control. We found both 9 and 1
integrins enriched in the bound fraction (Fig. 1D), indicating
that Rab11 endosomes contain these integrins.We confirmed the
specificity of the Rab11 isolation by probing Western blots for
Rab11 and Rab5, and also by incubating starting material with
beads coated with IgG as an additional negative control. We
Figure 1. Integrins partially colocalize with Rab11 at the growth cone. Images show growth cones of differentiated PC12 cells
(A) and adult DRG neurons (B). PC12 cells stably transfectedwith9 integrin-GFP exhibit partial overlap of9-GFP and antibody-
labeled Rab11 (A, top panels). The dotted line in A indicates overlap of fluorescent signal within filopodia. The 9 partner 1
integrinwas detected using anti-1-488 andpartly overlapswith Rab11 at PC12 growth cones in vesicular structures inA (bottom
panels arrows). Endogenous3 and1 integrins also partly overlap with Rab11 at adult DRG growth cones (B). PC12 cells were
treatedwith NGF for a total of 12 d before fixation. Dissociated adult DRGswere fixed after 2 d in vitro. Main images aremaximum-
intensity projections of confocal images. The inset panels show coincident labeling in a single confocal section, and the arrows
indicate overlap in vesicular structures. Scale bars, 10m. Rab11 endosomes in differentiated PC12 cells and9-PC12 cells were
also analyzedby subcellular fractionation (C,D). A PNSwasgenerated after detergent-free lysis, and sucrose gradient fractionation
was then performed. Fractions were analyzed by Western blotting (gels were loaded with equal volumes of fractions 1–8) (C).
Rab11 endosomes were enriched at the interface between the 25 and 35% sucrose fractions (fraction 5, C).9 and1 integrins
were also enriched in this fraction. This fraction was used as starting material (SM) for immunoisolation using magnetic mi-
crobeads. Equal proportions of starting material, nonbound (NB), and bound (B) material were analyzed by Western blotting, in
conjunction with preclear elute (PC) as control (D). 9 and 1 integrins were enriched in the bound fraction, indicating their
presence in Rab11 structures. This fraction also labeled strongly for Rab11, butweakly for the early endosomalmarker Rab5,which
was enriched in the nonbound flow-through.
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found that only small amounts of protein were isolated using IgG
(supplemental Fig. S2C, available at www.jneurosci.org as sup-
plemental material). Rab11 was enriched in the material isolated
using Rab11 antibodies, whereas Rab5 was principally found in
the nonbound flow-through (Fig. 1D). These data confirm that
9 and 1 integrins are present in Rab11-positive vesicles in
differentiated PC12 cells. Together, these results suggest that in-
tegrinsmay traffic via Rab11-positive vesicles at or en route to the
growth cone.
Do endocytosed integrins traffic through Rab11?
Integrins are continuously internalized and recycled to the cell
surface. We asked whether internalized 1 passes through Rab11
vesicles in PC12 cells and DRG axons. To do this, we bound
1-488 antibody to the cell surface of differentiated cells placed
on ice tohalt endocytosis, and thenrestarted
trafficking bywarming the cells to 37°C. Af-
ter 30min at 37°C, internalized1 integrins
localized along with perinuclear Rab11
(supplemental Fig. S3A, available at www.
jneurosci.org as supplemental material) in
keeping with findings in non-neuronal
cells (Powelka et al., 2004). There was
also overlap between internalized 1 in-
tegrins and Rab11 in the growth cones of
both PC12 cells and DRG axons (Fig.
2A,B). Coincident fluorescence was
found at all time points from 15min up to
90 min after starting internalization, and
by 30 min labeled integrin was found at
the growth cone periphery localized to
Rab11-positive structures (Fig. 2A). Anal-
ysis of the fluorescence intensity profile
across a PC12 growth cone demonstrated
coincident peaks for internalized 1 inte-
grins and Rab11 (Fig. 2A), and overlap at
the growth cone periphery even at regions
of low signal (Fig. 2A, ROI2). Quantifica-
tion of coincident fluorescence revealed
that there was little variation in the colo-
calization correlation coefficient between
1 integrins and Rab11 over time (sup-
plemental Fig. S3B, available at www.
jneurosci.org as supplemental material),
and we found no time lag between inter-
nalization and arrival at a Rab11 domain.
This suggests that integrins do not have to
be transported for long distances, and cer-
tainly not to the cell body to enter the
Rab11 compartment, and hints at local-
ized Rab11-dependent trafficking. Exam-
ination of internalization in adult DRG
neurons labeled live at 4°C with 1-488
was complicated by partial retraction of
their axons. However, we were able to
study trafficking as the axons reestab-
lished their growth cones and continued
to grow within 60 min after returning to
37°C (surface-bound antibody was re-
moved after 30 min). As with PC12 cells,
these growth cones contained internalized
1 integrins localized to Rab11-positive
structures, most strikingly at the growth
cone periphery and in filopodia (Fig. 2B). These data further
suggest that 1 integrins may recycle via Rab11 endosomes at the
growth cones of PC12 cells and adult DRGs. However, not all
internalized integrins were found in a Rab11 compartment (Fig.
2B), suggesting that integrins do not traffic solely via Rab11
membrane compartments and that there may be additional traf-
ficking molecules involved.
Are internalized integrins transported anterogradely
along axons?
We then asked whether internalized integrins are also trafficked
down axons toward the growth cone. Using the same antibody
internalization strategy, we found that internalized 1 integrins
overlappedwith Rab11 in the neurites of PC12 cells and along the
axons of adult DRG neurons (Fig. 2C). In DRG neurons, we
Figure 2. Internalized 1 integrins traffic through Rab11-positive endosomes and travel anterogradely. Antibody uptake
experimentswere performedonPC12 (A) and adult DRGgrowth cones (B) using anti-1-488 and colabeled for Rab11. The images
show only internalized integrins, after removal of surface antibody. Analysis of fluorescence intensity across the growth cone is
shown inA, bottompanels. Internalized1 integrins partly overlapwith Rab11 in axons and neurites (C). Adult DRGswere grown
in compartmented cultures (D), and1 integrins were labeled live with anti-1-488 in the somatic compartment.1 integrins
were subsequently observed in the axonal compartment after 2 h at 37°C (D, right-hand panel). All images are single confocal
sections, except for D, which was acquired using standard fluorescent microscopy. The images in Dwere acquired using identical
exposure settings for the axonand somatic compartment. The arrows indicate overlap of fluorescent signal. Scale bars, 10m.The
images are representative of the results from experiments performed more than three times.
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found that 28  2.4% (SEM) of internalized 1 integrins over-
lappedwith Rab11within axons at 60min, and 31 2.3% (SEM)
at 90 min after starting internalization. Transcytosis (insertion
into the somatic surface followed by movement via endocytic
vesicles into the axonal surface) contributes to axonal targeting of
membrane proteins (Winckler, 2004; Allen and Chilton, 2009).
To determinewhether transcytosis contributes to axonal traffick-
ing of integrins, we used water-tight Campenot chambers to
compartmentalize adult DRG cell bodies from their axons (Fig.
2D; supplemental Fig. S3C,D, available at www.jneurosci.org as
supplemental material) (Pazyra-Murphy and Segal, 2008). The
cell body compartment was labeled live with anti-1-488 at 37°C
for 2 h, after which the cultures were fixed with the dividers in
place. The cell body compartment was then labeled with anti-1-
647 to control for passive diffusion of antibody between com-
partments.1-488 and1-647 were both present in the cell body
compartment, where 1-647 labeled just the surface of axons,
whereas 1-488 labeled the surface and intraaxonal puncta (Fig.
2D). Puncta of 1-488 were also visible in 17.6% of axons in the
axonal compartment, where 1-647 was absent. This confirms
that the dividers were watertight and suggests that internalized
1-488 was actively transported along the axons. Together with
the previous sections, our data suggest that endocytosed 1 inte-
grins traffic via Rab11-positive structures in growth cones and in
axons and that, although some of this trafficking may be local-
ized, it also appears to contribute to the anterograde flow of 1
integrins.
Are integrins transported anterogradely in
Rab11-positive vesicles?
To establish whether integrins move anterogradely under the
guidance of Rab11, we used live confocal imaging.We first inves-
tigated Rab11 dynamics in the neurites of PC12 cells stably ex-
pressing Rab11-GFP, using cells with lower levels of expression to
avoid overexpression artifacts. Rab11 particles did not undergo
long-range movements but rather short-range oscillations, re-
sulting in little net movement over time (supplemental Fig. S4A,
Movie S1, available at www.jneurosci.org as supplemental mate-
rial). This is similar to the behavior described for the early endo-
somal marker Rab5 in the axons of motor neurons (Deinhardt et
Figure 3. 9 integrin does not appear to undergo long-range anterograde transport in Rab11 vesicles. Spinning disc confocal microscopy was used to image Rab11-cherry in PC12 cells stably
expressing 9 integrin-GFP (A, B) (see also supplemental Movies S1–S3, available at www.jneurosci.org as supplemental material). The kymograph shown in A was generated from the line
indicated. The dotted boxes indicated static coincidence. The green arrow indicates anterogradely moving9 integrin-GFP. Long-rangemovement of9-GFP was generally found to be indepen-
dent of Rab11 (B). Instantaneous velocity of, and distancemoved by, vesicles positive for9GFP alone (red bars) or dual positive for9GFP andRab11-cherry (blue bars)was quantified by tracking
individual vesicles (C). Vesicles were tracked for their visible lifetime and the instantaneous velocity was calculated from the maximum distance moved by a vesicle between two frames
(3 s). Maximum net movement over 10 frames is a measure of the furthest a vesicle traveled from its origin over 10 frames. The images are representative of multiple imaging
experiments. Scale bar, 5m.
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al., 2006) and is in partial agreement with findings in sympathetic
neurons, where the majority of axonal Rab11 appears stationary
(Ascan˜o et al., 2009). We then investigated the dynamic interac-
tions between Rab11 and 9 integrins using cells stably express-
ing 9-GFP, and transiently coexpressing Rab11-cherry. 9-
GFP and Rab11-cherry overlapped principally at the edge of
neurites where they underwent limited movements (Fig. 3A;
supplemental Movie S2, available at www.jneurosci.org as
supplemental material), as represented by the vertical yellow
lines highlighted in the kymograph in Figure 3A. However,
whereas the integrin in Rab11-positive structures remained
relatively static, Rab11-negative 9-GFP puncta intermit-
tently underwent longer range movements in both antero-
grade and retrograde directions. This is demonstrated in the
kymograph in Figure 3B (see supplemental Movie S3, available
at www.jneurosci.org as supplemental material), which shows
long-range anterograde movement, and by the green arrow in
the left-hand panel of the kymographs in Figure 3A, indicating
a moving punctum of 9-GFP. Importantly, rapidly moving
puncta could be seen entering and leaving relatively static
Rab11 domains, as in Figure 3A (small dotted box), where an
anterogradely moving punctum paused in a Rab11-positive
region before reversing direction.
Quantification of instantaneous velocity confirmed that the
majority (73%) of double-positive (Rab11-cherry and 9-
GFP) vesicles moved very slowly, with amaximum speed of0.6
m/s (Fig. 3C, top graph, blue bars). Rab11-negative 9-GFP-
positive vesicles were present in two populations, the slower
30%moved at a rate of1m/s, whereas the larger population
moved at a velocity between 1 and 3m/s (Fig. 3C, top graph, red
bars). We also quantified the maximum net distance a vesicle
traveled over a given time (10 frames, 30 s). This confirmed
that the majority of double-positive vesicles had little net
movement over time, with90% of vesicles moving1m in
30 s (Fig. 3C, bottom graph, blue bars). However, Rab11-
negative 9-GFP vesicles covered much greater distances
(from 0.2 m/30 s to 10.4 m/30 s) (Fig. 3C, bottom graph,
red bars). These data suggest that integrins move in and out of
Figure 4. 9 integrin is transported in Rab11 vesicles at the growth cone periphery. Spinning disc confocal microscopy was used to image9-GFP and Rab11-cherry in differentiated PC12 cell
growth cones.A, Growth coneof aPC12 cell stably expressing9 integrin, coexpressingRab11-cherry.9-GFPandRab11-cherryoverlapatpoints of protrusion (i), and individual puncta canbe seen
to move in concert in growth cone filopodia (ii, arrows) and along filopodia on neurites, demonstrated by kymography (iii). Large puncta of9 integrin-GFP in the central domain that are Rab11
negative can be seen tomove toward Rab11-positive domains at the growth cone periphery (iv, arrows). The images are representative ofmultiple imaging experiments. Scale bar, 5m. See also
supplemental Movies S4 and S5 (available at www.jneurosci.org as supplemental material).
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Rab11-positive domains, with long-range
transport in Rab11-negative vesicles.
Are integrins transported in Rab11-
positive vesicles at the growth cone?
We also investigated Rab11 and 9 inte-
grin dynamics at the growth cone. Using
stably transfected Rab11-GFP PC12s
(supplemental Fig. S4B, Movie S4, avail-
able at www.jneurosci.org as supplemen-
talmaterial), and9-GFP cells transfected
with Rab11-cherry, we saw rapidly mov-
ing small puncta throughout the growth
cone and particularly in filopodia and
protrusive regions, many containing both
Rab11 and 9. (Fig. 4Ai; supplemental
Movie S5, available at www.jneurosci.org
as supplemental material). At the base of
protrusive regions, the puncta often
joined larger stationary regions (Fig.
4Aii). This suggests that recycling filopo-
dial 9 integrins move via Rab11 vesicles
into a stable Rab11 domain within the
growth cone. Similar movement was ob-
served in filopodia on neurites (Fig.
4Aiii). There were also larger 9-GFP ag-
gregates in the central domain of the
growth cone that remained Rab11 nega-
tive, similar to the large 1 integrin aggre-
gates seen in the center of both PC12 and
DRG growth cones after antibody inter-
nalization (Fig. 2A,B). Puncta in these ag-
gregates mostly remained in the central domain of the growth
cone but were also seen tomove toward a stable Rab11 domain at
the growth cone periphery (Fig. 4Aiv; supplemental Movie S5,
available at www.jneurosci.org as supplemental material). This
suggests that integrins pass through Rab11 domains during recy-
cling at the growth cone but do not remainRab11-positive for the
duration of their transport.
Is Rab11 required for targeting of 1 integrins to the
growth cone?
To test whether an interaction with Rab11 is required for inte-
grins to reach the growth cone, we used siRNA targeting Rab11
(isoforms A and B) to decrease endogenous Rab11 expression.
The effectiveness of the fluorescently tagged siRNAwas evaluated
byWestern blotting and densitometry: by 48 h after transfection,
Rab11 expression was decreased by 80% (Fig. 5A) and Rab11
immunofluorescence at the growth cone was reduced to one-
third (Fig. 5B). These growth cones had less than one-half the
normal level of 1 integrin immunofluorescence compared with
control transfected cells (Fig. 5B). We validated the target speci-
ficity of Rab11 siRNA by stably transfecting cells with an siRNA-
resistant Rab11-GFP construct, in which three silent mutations
had been introduced to the siRNA target region. Rab11 siRNA
treatment of Rab11-GFP PC12 cells resulted in an almost com-
plete absence of GFP signal by 2 d after transfection, whereas
siRNA-resistant Rab11-GFP PC12 cells remained fluorescent
(supplemental Fig. S5A, available at www.jneurosci.org as sup-
plemental material). Growth cone 1 integrin immunofluores-
cence was reduced when cells expressing normal Rab11-GFP
were treated with siRNA, but there was no reduction in siRNA-
resistant Rab11-GFPPC12 cells (supplemental Fig. S5A, available
at www.jneurosci.org as supplemental material). The depletion
of integrin was only seen in the growth cones; we saw no change
in 1-488 immunofluorescence at the cell bodies of Rab11-
depleted cells, finding that 1 integrin levels were unaltered (Fig.
5B; supplemental Fig. S6A, available at www.jneurosci.org as
supplemental material). This suggests that an interaction with
Rab11 is necessary for the targeting of 1 integrins to the
growth cone.
Is the Rab11 effector Rab coupling protein involved in growth
cone integrin traffic?
Having determined that Rab11 is involved in integrin trafficking
in axons and growth cones, we asked whether we could manipu-
late the Rab11 pathway to increase or decrease integrin expres-
sion at the growth cone surface. Previouswork has shown that the
FIP-family Rab11 effector protein RCP mediates integrin recy-
cling to the plasma membrane (Caswell et al., 2008; Muller et al.,
2009). RCP (RAB11FIP1) is ubiquitously expressed in all tissues
including brain (Lindsay et al., 2002). As the only available anti-
bodies to RCP do not cross-react with rat, we investigated the
protein by generating PC12 cells stably expressing full-length
RCP-GFP (Damiani et al., 2004) and a mutant construct that
cannot bind to Rab11 and is reported to act as a dominant nega-
tive, RCP I621E-GFP (Lindsay and McCaffrey, 2004; Caswell et
al., 2008). We generated several cell lines with varying levels of
expression and observed similar localization profiles in all. In
undifferentiated PC12 cells, RCP exhibited a perinuclear lo-
calization and was enriched at the cell periphery and points of
protrusion, where it partly overlapped with 1 integrins (supple-
mental Fig. S7, available at www.jneurosci.org as supplemental
material). Dominant-negative RCP adopted a more diffuse cyto-
plasmic distribution andwas not enriched at the cell periphery or
Figure5. Suppressionof endogenousRab11by siRNA treatment decreases growth cone integrin levels. Treatment of PC12 cells
with Rab11 siRNA (A and B isoforms) results in 80% reduction in Rab11 expression (at 48 h) (A). Reducing endogenous levels of
Rab11 in PC12 cells results in less 1 integrin at the growth cone (on permeabilized cells, therefore representing surface and
intracellular integrins) but not the cell body (B). Images shown are maximum-intensity projections of confocal images, acquired
using identical settings for each condition. Theasterisk (*) indicates statistical significanceusingaStudent’s t test ( p0.01). Error
bars indicate SEM. Scale bar, 10m. See also supplemental Figures S4 and S5 (available at www.jneurosci.org as supplemental
material).
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at integrin-rich points of protrusion (supplemental Fig. S7, avail-
able at www.jneurosci.org as supplemental material). In primed
and differentiated PC12 cells, RCP-GFP partially overlapped
with Rab11 at the growth cone, but interestingly RCP was en-
riched at the growth cone periphery and filopodia (Fig. 6A, top
panels), where it localized partly with 1 integrins (Fig. 6A, bot-
tom panels). We also investigated RCP and endogenous 1 inte-
grin localization in adult DRG growth cones and found similar
localization profiles. RCP again localizes to the periphery of the
growth cone, where it overlaps with Rab11 (Fig. 6B, top pan-
els) and partly with 1 integrins (Fig. 6B, bottom panels).
PC12 cells stably expressing the non-Rab11 binding RCP
I621E mutant protein had small and ill-formed growth cones
compared with PC12 cells stably expressing either GFP or RCP-
GFP (Fig. 6C,D, top graph). These growth cones also exhibited
abnormally distributed integrins compared with cells expressing
the wild-type construct and lacked the usual enrichment of inte-
grins at the growth cone periphery (quantified in Fig. 6D, middle
graph). Furthermore, quantification of1
integrins in permeabilized growth cones
showed that expression of the RCP I621E
mutant protein resulted in a decrease in
growth cone integrin levels (Fig. 6D, bot-
tom graph). These data suggest that RCP
contributes to the trafficking of 1 inte-
grins in PC12 cell growth cones.
Is the Rab11 effector Rab coupling
protein involved in placing 1 integrins
in the growth cone surface?
We next introduced the RCP constructs
into dissociated adult DRG neurons and
investigated integrin localization at the
growth cone surface using cells that had
not been permeabilized. The cells express-
ing the mutant RCP I621E had very small
axonal endings compared with control
cells expressing GFP, bearing fewer and
shorter filopodia (Fig. 7A,B). Overex-
pression of RCP-GFP inDRGneurons re-
sulted in larger growth cones compared
with the growth cones of control trans-
fected cells (Fig. 7A,B). Within this pop-
ulation of enlarged growth cones, 15%
were strikingly larger than the average
control growth cone. These growth cones
displayed intense RCP-GFP fluorescence
and prominent 1 integrin fluorescence
when surface labeled with anti 1-647.
Importantly, we found puncta of RCP-
GFP coincident with surface-labeled 1
integrins on the growth cones of these un-
permeabilized DRG neurons (Fig. 7A,
bottom panels, arrows), and extensive
overlap of signal at the periphery of the
growth cone membrane. By quantifying
the immunostaining of nonpermeabilized
cells, we found that the average fluores-
cence intensity per unit area of1 integrin
on the surface of axon tips of neurons
transfected with RCP I621Ewas unaltered
compared with control cells (Fig. 7C), but
because of their smaller area the total
amount of integrin on the growth cone surface was substantially
decreased (Fig. 7C). DRGneurons overexpressing wild-type RCP
exhibited substantially higher amounts of 1 integrins on their
surface compared with control transfected cells and had a greater
area, resulting in substantially elevated total integrin levels (Fig.
7C). We further investigated the effect of RCP overexpression on
surface integrin levels usingmembrane biotinylation followed by
NeutrAvidin isolation and Western blotting. DRG neurons do
not transfect with a high enough efficiency for biochemical stud-
ies, so we used PC12 cells stably expressing GFP (as a control),
RCP-GFP or RCP I621E-GFP. Cells expressing RCP I621E-GFP
had 34% less 1 integrin on their surface compared with GFP
control cells, whereas cells expressing RCP-GFP had 38% more
surface 1 integrin compared with controls (Fig. 7D). These data
confirm a role for RCP in regulating 1 integrin surface expres-
sion in peripheral neurons and suggest that the decrease in
growth cone size observed in DRG neurons expressing RCP
I621E-GFP may be attributable to a decrease in the total amount
Figure 6. RCP overlaps with 1 integrin at the periphery of the growth cone and regulates growth cone morphology. The
localization of GFP-tagged RCP constructs was examined in PC12 cells and adult DRG neurons in conjunction with Rab11 or 1
integrin localization. In differentiated PC12 cells, RCP-GFP partially overlaps with Rab11 at the growth cone and is enriched at the
periphery (A, top panels),where it also overlapswith1 integrin (A, bottompanels). Similar localizationswere found in adult DRG
growth cones (B). Expression ofmutant RCP I621E-GFP (that does not bind to Rab11) results inmisshapen growth cones (C). These
growth cones are smaller than control transfected cells (D, top graph) ( p 0.05) and lack the usual enrichment of integrins at
the growth cone periphery (quantified by calculating the ratio of mean peripheral fluorescence vs mean central fluorescence) (D,
middle graph) ( p 0.001). These growth cones also express less1 integrins (surface and intracellular) (D, bottomgraph) ( p
0.01). Images are single confocal sections. Scale bars, 10 m. The asterisks (*) indicate statistical significance using ANOVA
followed by post hoc analysis. Error bars indicate SEM. Scale bars, 10m. All images are representative of experiments performed
more than three times.
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of 1 integrin on the growth cone surface
(Fig. 7C). RCP would therefore appear to
be involved with Rab11 in directing 1
integrins to the growth cone membrane.
Are the effects of RCP on growth cone
size attributable to altered
integrin expression?
To determine whether the changes in
growth cone size caused by expression of
the RCP constructs could be attributed to
altered trafficking of integrins, we exam-
ined integrin-dependent process growth.
We have previously shown that wild-
type PC12 cells do not extend neurites
on a substrate of tenascin-C, but expres-
sion of the tenascin-ligand 9 integrin al-
lows profuse growth, which can be
blocked by the 9 integrin blocking anti-
body (Y9A2) (Andrews et al., 2009). We
assayed growth on a tenascin substrate of
NGF-treated PC12 cells stably expressing
9 integrin. The cells were transfected
with GFP, RCP-GFP, or RCP I621E-
GFP, and then replated in the presence of
NGF for an additional 2 d. To prove that
growth is integrin dependent, the cultures
were treated acutely (for 30 min) with the
9 blocking antibody, Y9A2, using a con-
centration that generates a partial block of
function. We found that 9-PC12 cells
coexpressing the mutant RCP I621E-GFP
had substantially smaller growth cones
compared with control cells ( p 0.001),
and that addition of the 9 blocking anti-
body further reduced growth cone size
( p  0.05). Interestingly, the neurites of
these cells were also marked by the pres-
ence of structures resembling retraction
bulbs, indicating that the neurites may
have been retracting (Fig. 8A,B). Con-
versely, coexpression of RCP-GFP re-
sulted in larger growth cones compared
with control cells ( p  0.05). These
growth cones were also more resistant to
9 blockade than control cells (Fig.
8A,B). These data demonstrate that RCP
modulates 9 integrin-specific changes to
growth cone morphology. Overall, our
findings show that RCP influences growth
cone morphology via regulation of inte-
grin trafficking.
Does manipulation of Rab11 affect
neurite outgrowth?
To investigate the role of Rab11 in neurite outgrowth, we used
siRNA targeting Rab11 (isoforms A and B) as described above.
Rab11 interference decreased neurite outgrowth from primed
PC12 cells by 25% (from 250.5  6.7 to 186.3  5.8 m;
p  0.001 by Student’s t test) (Fig. 9A; supplemental Fig. S6B,
available at www.jneurosci.org as supplemental material). This
effect was mirrored in cells stably expressing Rab11-GFP and
treated with siRNA but was not observed in cells expressing
siRNA-resistant Rab11-GFP (supplemental Fig. S5B, available
at www.jneurosci.org as supplemental material). We also inves-
tigated the effect of Rab11 overexpression in stably transfected
PC12 cells with high levels of expression and found that neurite
length was increased by 34% compared with controls (248.3 
4.5m compared with 184.1 3.4m, respectively; p 0.01 by
Student’s t test) (Fig. 9A). Expression of Rab11 in adult DRG
neurons had a similar but lesser effect, increasing neurite length
Figure 7. RCP regulates the level of 1 integrin on the surface of adult DRG growth cones and differentiated PC12 cells.
Expression of RCP-GFP in adult DRG neurons increases growth cone size comparedwith GFP-transfected controls, whereas expres-
sion of mutant RCP I621E-GFP results in smaller growth cones with fewer and shorter filopodia (A, B). Intracellular RCP-GFP
localizes to the samepuncta as surface-labeled1 integrins (A, bottompanels, arrows). Expressionofwild-typeRCP-GFP increases
1 integrin on the surface of adult DRG growth cones, whereas RCP I621E-GFP transfected cells have less 1 integrin in total.
Analysis of cell surface expression of 1 integrin by membrane biotinylation of primed and differentiated stable PC12 cells
(followed by isolation of a membrane fraction using NeutrAvidin beads) confirmed that expression of RCP I621E results in de-
creased levels of cell surface1 integrin and that elevated RCP expression results in increased surface expression. All images are
maximum-intensity projections, except for the bottom-most panel in A, which is of a single confocal section. The asterisks (*)
indicate statistical significance using a Student’s t test (B, C), or ANOVA followed by post hoc analysis (D) ( p 0.01). Error bars
indicate SEM. Scale bars, 10m.
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by an average of 18.5% (Fig. 9B). Both Rab11 and control siRNA
were toxic to DRG neurons, so we could not test Rab11 knock-
down effects. These data suggest that Rab11 is necessary for nor-
mal neurite outgrowth and may be a limiting factor in the
outgrowth process.
Does manipulation of RCP affect
neurite outgrowth?
We investigated the effects of RCP ma-
nipulation on neurite outgrowth using
differentiated PC12 cells and adult DRG
neurons. RCP-GFP overexpression had
no effect on neurite length of stably trans-
fected PC12 cells, but expression of the
mutant RCP I621E resulted in a sub-
stantial inhibition of neurite length
(Fig. 10A, top panels; B). The effects in
adult DRG neurons were the same (Fig.
10A,C). RCP is therefore required for
neurite outgrowth.
Does manipulation of the Rab11/RCP
pathway affect9 integrin-specific
neurite outgrowth?
To determine whether Rab11 or RCP can
affect neurite outgrowth as a direct result
of integrin trafficking, we turned to the9
integrin-specific outgrowth model and cultured differentiated
PC12 cells stably expressing9 integrin on a substrate of tenascin
(as described above regarding Fig. 8). As controls, we used wild-
type PC12 cells that do not express9 integrin.We overexpressed
or knocked down Rab11 and examined the effects of expressing
either normal or dominant-negative RCP. Wild-type PC12 cells
did not extend neurites on tenascin, but 9 integrin PC12 cells
extended lengthy neurites that were shorter in the presence of the
blocking antibody (again, using a concentration that results in a
partial block of function) (Fig. 11A,B). Rab11 overexpression
increased neurite outgrowth in 9 integrin PC12 cells, whereas
Rab11 siRNA treatment inhibited growth: these results were very
similar to the results described earlier from PC12 cells grown on
collagen. Overexpression of RCP in 9 integrin PC12 cells re-
sulted in a dramatic increase in neurite outgrowth, whereas ex-
pression of RCP I621E-GFP resulted in a substantial inhibition of
9-dependent outgrowth (Fig. 11A,B). Representative images
for all of the conditions are presented as supplemental material
(supplemental Fig. S8, available at www.jneurosci.org as sup-
plemental material). Together, these data suggest that altering
the quantity of Rab11 modulates neurite outgrowth partly as a
result of changing integrin levels but also that there is an ele-
ment of its effect that is integrin independent. However, the
effects of RCP or RCP I621E expression on neurite outgrowth
appear to be principally attributable to the manipulation of
integrin traffic. Our findings suggest that Rab11 and RCP may
therefore be useful tools for manipulating the trafficking of
transfected and endogenous integrins and for controlling
axon growth.
Discussion
The failure of CNS axons to regenerate after injury has many
causes including inhibitory molecules in the CNS environment
and the intrinsically low regenerative ability of CNS axons. One
of the molecules upregulated at sites of CNS injury is tenascin-C,
which is generally inhibitory to axon growth in cells lacking the
necessary adhesion molecules to enable growth on tenascin
(Joester and Faissner, 2001; Rigato et al., 2002). In a previous
study we have shown that expression of the tenascin-binding
integrin 9 leads to prolific axon growth in vitro, but modest
improvements in growth in the injured spinal cord (Andrews et
al., 2009). We reasoned that it will be necessary to develop meth-
Figure 8. RCP regulates9 integrin-dependent growth cone morphology. Representative images of PC12 cell growth cones
stably expressing9 integrin, grown on a substrate of tenascin and transfected with RCP-GFP, RCP I621E-GFP, or GFP as control
(A). RCP overexpression results in larger growth cones, whereas RCP I621E leads to smaller growth cones compared with controls
(A,B). Partial antibody blockade of91 results in smaller growth cones in all cells; however, RCP-expressing cells are diminished
to a lesser degree than controls (B). RCP I621E-GFP-expressing cells treatedwithblockingantibody also exhibit apparent retraction
bulbs posterior to the growth cones (A). The asterisks (*) indicate statistical significance usingANOVA followedby post hoc analysis
(B) ( p 0.001, except for RCP vs GFP, and RCP I621E-GFP vs RCP I621E-GFP with91 blockade, p 0.05). Error bars indicate
SEM. Scale bar, 10m.
Figure 9. Rab11 regulates neurite outgrowth. Knockdown of Rab11 with siRNA or overex-
pression of Rab11 alters neurite outgrowth from PC12 cells and adult DRGs. Rab11 Cy3-siRNA
transfected cells have shorter neurites compared with control transfected cells (186.3 5.8
mcomparedwith 250.5 6.7m, respectively; p 0.001 by Student’s t test) (A) (see also
supplemental Figs. S5, S6, available at www.jneurosci.org as supplemental material). Stable
expression of Rab11-GFP increases neurite outgrowth from PC12s, compared with control cells
stably expressing GFP (248.3 4.5m compared with 184.1 3.4m, respectively; p
0.01 by Student’s t test) (A). Expression of Rab11-GFP also increases neurite outgrowth from
adult DRG neurons (from 328.4 11.5 to 389.1 9.7m; p 0.01 by Student’s t test) (B).
The arrows indicate the end of the longest axon. Fluorescent signal is GFP. Scale bars, 100m.
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ods to ensure that integrins expressed in
neurons reach the cut ends of axons in
sufficient quantity to be effective in pro-
moting axon regeneration. We have re-
cently found that 9 integrin is not
delivered efficiently into CNS axons in
vivo (M. R. Andrews, E. Franssen, E. R.
Heintz, and J. W. Fawcett, unpublished
findings), and another cell surface mole-
cule, TrkB, overexpressed in vivo in corti-
cospinal axons does not reach the ends of
axons at the caudal level of the spinal cord
(Hollis et al., 2009). The purpose of this
study was to understand the mechanism
of integrin trafficking in axons in which
integrins are well transported, and to de-
velop tools to manipulate integrin levels
in axonal growth cones. Specifically, we
aimed to determine whether Rab11 con-
tributes to the trafficking of integrins in
peripheral axons and growth cones and, if
so, whether this machinery could be ma-
nipulated to enhance neurite outgrowth
in vitro. We show that 1 integrin recy-
cling and trafficking requires Rab11 and
the Rab11 effector RCP and that manipu-
lation of these molecules affects growth
cone integrin levels and axon growth.
Axonal1 integrins recycle via Rab11
Our initial studies found colocalization of
integrins with Rab11 at the growth cones
of peripheral neurons. At least some of
these integrins have been recycled from
the axonal surface, because we find that
internalized labeled integrins subsequently localize to Rab11-
positive structures at both the growth cone and in axons. The
association with Rab11 vesicles is necessary to target integrins to
the growth cone, because when Rab11 was suppressed, both
growth cone integrin levels and axonal growth were reduced. In
non-neuronal cells, additional proteins are involved in returning
membrane proteins from Rab11 vesicles to the cell surface, with
RCP involved in the reinsertion of integrins into the plasma
membrane (Caswell et al., 2008; Muller et al., 2009) and the sort-
ing of recycling cargo fromapotentially degradative pathway into
a recycling pathway (Peden et al., 2004). In axonal growth cones,
we demonstrate colocalization of intracellular RCP and surface-
labeled1 integrins. Additionally, we have shown that RCP over-
expression increases integrin levels on the growth cone surface,
whereas expression of a dominant-negative RCP reduces integrin
levels. These findings provide evidence that integrin distribution
in axons is regulated by recycling endosomes.
Anterograde transport of integrins
We asked whether recycling of integrins via Rab11 contributes to
their localization and transport in axons. Endocytosed 1 inte-
grins associate with Rab11 structures within the axons of DRG
neurons. Some cell surface molecules are targeted to axons by
first being inserted into the surface membrane of the cell soma,
and then endocytosed into recycling endosomes for axonal target-
ing (He´mar et al., 1997; Sampo et al., 2003;Wisco et al., 2003; Fache
et al., 2004; Leterrier et al., 2006; McDonald et al., 2007; Yap et al.,
2008a,b), and a recent study has demonstrated that Rab11 is in-
volved the anterograde transport of Trk receptors, via a Rab11
compartment (Ascan˜o et al., 2009). Integrins can be trafficked by
a similarmechanism. Using a compartmented culture system, we
show that integrins labeled with antibody on DRG cell bodies
subsequently appear in puncta transported along axons. How-
ever, as this was only observed in some axons, it is possible that
newly synthesized integrins may also be directly targeted to the
axon. Furthermore, our internalization experiments found that
there was always a population of endocytosed integrins within
axons that did not label for Rab11. It does not therefore appear
that recycling integrins are in Rab11 vesicles for the whole dura-
tion of their intracellular transport.
Dynamics of integrins and Rab11 in axons and growth cones
Our live-imaging experiments in PC12 neurites revealed that the
majority of integrinswere in relatively stationaryRab11 compart-
ments but that they could also be found in rapidly moving vesi-
cles that were Rab11 negative. Rab11 only showed short-range
bidirectionalmovement, so it is probable that some rapid antero-
grade and retrograde transport occurs in a different population of
vesicles. This was also evident at the growth cone, as a population
of 9-GFP vesicles in the central domain remained Rab11 nega-
tive, whereas Rab11-positive integrins were mostly found at the
growth cone periphery. In terms of enhancing integrin trans-
port to the growth cone for regenerative purposes, it would be
valuable to identify the type of transport vesicle in which rapid
transport occurs. It is worthy of note that Rab proteins behave
differently in axons compared with non-neuronal cells. For ex-
Figure10. RCP I621E interfereswithneurite outgrowth fromadult DRGneurons andPC12s. Stable expressionof RCP I621E-GFP
in PC12 cells inhibits neurite outgrowth comparedwith cells stably expressing GFP (A, top panels;B). Expression of RCP I621E-GFP
inhibits neurite outgrowth from adult DRG neurons; however, RCP-GFP expression has no effect (A, bottompanels; C). Fluorescent
signal is GFP; the arrows indicate the end of the longest axon. The asterisks (*) indicate statistical significance using ANOVA
followed by post hoc analysis (B) and a Student’s t test (C) ( p 0.01). Error bars indicate SEM. Scale bars, 100m.
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ample, early endosomesmarked byRab5 undergo transport from
the cell periphery to the cell body in non-neuronal cells (Rink et
al., 2005) but remain relatively static inmotoneuron axons, where
retrograde axonal transport is achieved by traffic from Rab5- to
Rab7-positive structures (Deinhardt et al., 2006).
A role for Rab coupling protein in axonal integrin traffic
Our results demonstrate a role for RCP in the recycling of inte-
grins within axons. In PC12 cells and adult DRG neurons, we
found that GFP-RCP localized with 1 integrins at the growth
cone periphery, and inDRGneurons on the growth cone surface.
We were able to look at RCP function using both gain and loss of
function by overexpressing a wild-type RCP and also a mutant
that does not bind to Rab11, RCP I621E. The dominant-negative
RCP decreased both axonal growth cone integrin levels and axon
growth, whereas overexpression of RCP achieved our aim of in-
creasing growth cone integrin levels, but it did not increase axon
growth in our in vitro models. Our find-
ings are in keeping with studies in non-
neuronal cells, where RCP regulates the
recycling of51 integrins during cellmi-
gration (Caswell et al., 2008).
Integrin recycling and neurite
outgrowth
We have shown that reducing growth
cone integrin levels through suppression
of Rab11 by siRNA or expression of
RCPI621E reduced axon growth. In axons
growing on collagen or laminin, overex-
pression of RCP increased growth cone
integrin levels and growth cone size, but
this had little effect on process growth.
However, whenwe examined9 integrin-
specific outgrowth, we found that RCP
overexpression resulted in a substantial
increase in outgrowth on a substrate of
tenascin. It is also possible that too many
integrins at the growth cone could cause
excessive adhesion on laminin or colla-
gen, and axon growth does not depend on
simple adhesion but requires regulated in-
ternalizationandrecyclingof adhesionmol-
ecules to create a balance between adhesion
and release (Kamiguchi and Lemmon,
2000). However, the study by Caswell et al.
(2008) found that RCP-dependent recy-
cling did not affect adhesion but alteredmi-
gration by coordinating the recycling of
51 integrin with the EGF receptor. If this
is the case at the growth cone, excessive in-
tegrin might affect this coordination
with unfavorable effects for outgrowth
(Vaudry et al., 2002; Koprivica et al.,
2005). It is also possible that, in our sim-
ple culture model using low laminin
concentrations, there are already suffi-
cient integrins at the cell surface. More
complex integrin trafficking and recy-
cling issues will probably be relevant on
other substrates, and particularly in the
complex environment of the developing
or regenerating CNS, but our data sug-
gest that manipulation of integrin traffic via RCP may be ben-
eficial to neurons transduced with 9 integrin after injury.
In conclusion, our results establish a role for Rab11 and Rab
coupling protein in the trafficking of integrins in the axons and
growth cones of peripheral neurons.We have shown thatmanip-
ulation of trafficking pathways and recycling is a method for the
control of integrin levels on the surface of axonal growth cones
and constitutes a potential strategy for controlling axon out-
growth. Future in vivo experiments will determine whether de-
fective integrin trafficking is involved in the failure of axon
regeneration in the damaged CNS and whether manipulation of
integrin trafficking is necessary to enable9 integrin expressed in
neurons to reach the growth cones of regenerating axons in suf-
ficient quantity. Our experiments suggest that manipulation of
Rab11 and RCP could be a way to solving these potential prob-
lems and achieving better axon regeneration.
Figure 11. Rab11 and RCP regulate9 integrin-dependent neurite outgrowth on tenascin. A, Representative images of PC12
cells stably expressing 9 integrin and Rab11 or RCP constructs or siRNA. B, Quantification of 9 integrin-dependent neurite
outgrowth, as regulated by Rab11 and RCP. PC12 cells stably expressing9 integrin extend neurites on a substrate of tenascin,
whereas wild-type PC12s do not. Growth is inhibited with an 91 blocking antibody. Overexpression of Rab11 increases 9-
dependent outgrowth, which is inhibited by anti-91 (Rab11-GFP column). Overexpression of RCP increases 9-dependent
outgrowth to a greater extant than Rab11 and is inhibited by anti-91 to a similar degree. Expression of RCP I621E inhibits
9-dependent outgrowth and prevents 9-dependent outgrowth in conjunction with anti-91. Transfection with Rab11
siRNA inhibits9-dependent outgrowth, and this effect is enhanced by anti-91. Transfectionwith control siRNA has no effect
on neurite outgrowth. All of the transfectants shown on the graph in Bwere expressed in both wild-type PC12s and9 integrin-
expressing cells, but did not allow for quantifiable outgrowthonwild-typePC12 cells. Expression of Rab11permitted a very limited
amount of outgrowth in a small number of wild-type cells (A). Representative images of all conditions are presented as supple-
mental material (available at www.jneurosci.org as supplemental material). Statistical significance was calculated using ANOVA
followed by post hoc analysis (B). In all cases, blockingwith anti-91 causes statistically significant changes ( p 0.001). Error
bars indicate SEM. Scale bar, 250m.
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